Glomerular injury and proteinuria in diabetes (types 1 and 2) and IgA nephropathy is related to the degree of podocyte depletion in humans. For determining the causal relationship between podocyte depletion and glomerulosclerosis, a transgenic rat strain in which the human diphtheria toxin receptor is specifically expressed in podocytes was developed. The rodent homologue does not act as a diphtheria toxin (DT) receptor, thereby making rodents resistant to DT. Injection of DT into transgenic rats but not wild-type rats resulted in dose-dependent podocyte depletion from glomeruli. Three stages of glomerular injury caused by podocyte depletion were identified: Stage 1, 0 to 20% depletion showed mesangial expansion, transient proteinuria and normal renal function; stage 2, 21 to 40% depletion showed mesangial expansion, capsular adhesions (synechiae), focal segmental glomerulosclerosis, mild persistent proteinuria, and normal renal function; and stage 3, >40% podocyte depletion showed segmental to global glomerulosclerosis with sustained high-grade proteinuria and reduced renal function. These pathophysiologic consequences of podocyte depletion parallel similar degrees of podocyte depletion, glomerulosclerosis, and proteinuria seen in diabetic glomerulosclerosis. This model system provides strong support for the concept that podocyte depletion could be a major mechanism driving glomerulosclerosis and progressive loss of renal function in human glomerular diseases.
G lomerulosclerosis is the major pathologic process responsible for progression to ESRD in humans. Underlying conditions that predispose to glomerulosclerosis include diabetes, hypertension, IgA nephropathy, focal segmental glomerulosclerosis (FSGS), and other immune-mediated forms of glomerular injury. In aggregate, these conditions constitute 90% of end-stage kidney disease at a cost of approximately $20 billion per year in the United States (1) .
Podocytes are highly differentiated neuron-like cells with limited capacity for cell division and replacement. They function to support and maintain the glomerular basement membrane filtration mechanism. Genetic mutations that result in a glomerulosclerotic phenotype occur exclusively in proteins expressed by the podocyte, thereby providing strong support for a link between podocyte dysfunction and glomerulosclerosis (2) (3) (4) . Increasing evidence from experimental models suggests that podocyte loss may be a key component of the process that drives glomerulosclerosis (5) (6) (7) (8) (9) . Data from human types 1 and 2 diabetic glomerulosclerosis and IgA nephropathy show that podocyte number is reduced in proportion to the severity of injury and degree of proteinuria (10 -15) . The loss of podocyte markers from glomeruli is associated with glomerulosclerosis in human biopsy samples from patients with FSGS (16, 17) , and increased appearance of podocytes and podocyte constituents in urine is associated with glomerulosclerosis and more rapid deterioration of renal function in FSGS, lupus nephropathy, IgA nephropathy, membranoproliferative glomerulonephritis, and diabetes (18 -20) . These data show a correlation between podocyte loss and glomerulosclerosis. However, whether there is a causal relationship between podocyte loss and glomerulosclerosis remains unclear. This is an important question. If podocyte depletion indeed is a universal mechanism underlying glomerulosclerosis, then this would provide a logical mechanistic explanation for the hyperfiltration hypothesis of Brenner et al. (21) and should also lead to a reorientation of research directed toward investigating podocyte injury leading to cell detachment and death. It would also provide an opportunity to develop valuable clinical tools to routinely monitor glomerular disease treatment strategies noninvasively by measuring podocyte products in the urine.
To understand better the consequences of podocyte depletion for glomerular injury, we developed a model system in which the extent of podocyte loss could be regulated in adult animals with normally developed kidneys. Rodents are resistant to diphtheria toxin (DT) because rodent heparin-binding EGF-like growth factor (HB-EGF) does not bind DT. In contrast, human HB-EGF, now termed diphtheria toxin receptor (DTR; MIM number *126150), binds DT at high affinity. It serves as a shuttle that allows DT to be carried into the cell by receptor-mediated endocytosis, where it induces ADP ribosylation of polypeptide chain elongation factor 2, thus inactivating it. This results in inhibition of protein synthesis, leading to cell death (22, 23) . Kohno and colleagues (23) used the interspecies DTR difference and showed that the transgenic expression of human DTR (hDTR) by mouse hepatocytes allowed DT injection in transgenic (Tg) mice to cause liver-specific dose-dependent hepatotoxicity. In vitro studies suggest that internalization of as little as a single molecule of DT causes a cell to die (24) . We chose rat (not mouse) for our model because of the widely known similarity between rat and human glomerular lesions. We showed previously that the 2.5-kb human podocin promoter drives podocyte-specific expression of LacZ in the mouse (25) . We therefore used this promoter system to express hDTR specifically in rat podocytes. Injection of DT into these Tg rats caused podocyte loss in a dose-dependent manner. We used this model system to define the relationship between the extent of podocyte depletion and the development of the classical features of glomerulosclerosis, including proteinuria, mesangial expansion, adhesions of the glomerular tuft to Bowman's capsule (synechiae formation), FSGS, global sclerosis, and loss of renal function.
Materials and Methods

Tg Rats
All animal studies were approved by the University of Michigan Committee on Use and Care of Animals. Fischer 344 rats (Harlan, Indianapolis, IN) were used for these experiments because they do not develop diabetes or hypertension but do develop age-associated glomerulosclerosis (26) . The hDTR cDNA was inserted 3Ј of the 2.5-kb human podocin promoter (at the NcoI site of plasmid p2.5P-nlacF), which we showed previously to drive podocyte-specific LacZ expression in mice (25) . The podocin promoter/hDTR Tg construct was isolated from our plasmid (p2.5P_DTR) by XbaI/HindIII restriction enzyme digestion and injected into the pronuclei of fertilized rat eggs using standard techniques. Two Tg founders were obtained, only one of which (C354) produced Tg offspring. This new Tg rat strain has been designated F344-Tg(DTR)C354Wig (RGD_ID1302921). Heterozygous offspring from this strain were used for the studies described. Tg rats were identified by PCR analysis of tail DNA using the following primer pair: 5Ј,5Ј-ACCCGACGGTCTTTAGGG-3Ј; 3Ј,5Ј-CCTTGTATTTC-CGAAGACATGGGT-3Ј. A 465-bp fragment was amplified when the transgene was present in rat genomic DNA.
Potential for DT Toxicity to Animal Handlers
As a first step in these studies, we wanted to determine what the potential risk of using DT might be for animal handlers because we were not able to establish this from the available literature. We determined by literature search that the minimum lethal dose of DT for humans is thought to be approximately 100 ng/kg body wt (27, 28) . All animal workers were immunized with DTP vaccine before starting these experiments and/or their anti-DT titers from previous immunizations were confirmed to be adequate. The initial animal studies were done in a biosafety level 2 animal facility with full precautions including negative pressure ventilation. Animal work was performed in a designated biosafety hood with full human protection and with all excreta collected under special precautions. Upon completion of procedures, all facilities were wiped down with 1 M NaOH to inactivate DT from inadvertent spills (28) . DT activity was assessed using a CHO cell-killing bioassay system previously described and validated by Murphy et al. (29) . Specificity was conferred by using serum from an immunized investigator (R.C.W.) to block DT cell-killing activity. We used three 100-g rats per group and collected urine and feces from these rats, which were kept in metabolic cages for 2 d before and for 3 d after intraperitoneal injection of high doses (50, 5, and 0.5 g/kg) of DT (cat. no. D0564; Sigma, St. Louis, MO) and normal saline as a negative control. The fecal material was homogenized by Polytron (Brinkman Instruments, Westbury, NY) in PBS and centrifuged, and the supernatant was filter-sterilized through 0.45-then 0.2-m filters. Urine samples were centrifuged and filter-sterilized through 0.2-m filters. Serial dilutions of urine and fecal preparations were incubated with CHO cells for up to 10 d. Cell killing was measured using a 96-well plate reader (VERSAmax; Molecular Devices Corp., Sunnyvale, CA). Serially diluted DT and negative controls were run with each assay together with dilutions of antiserum previously demonstrated to block activity in the same assay and nonimmune serum as a control. Thus, for each experiment, a standard curve was generated to allow the limit of sensitivity of the assay to be determined. Assay sensitivity ranged from 3.2 to 12.8 pg of DT equivalents per well. These experiments showed that DT activity was not detected in either urine or feces (Ͻ15 ng/24 h DT activity in urine and Ͻ30 ng/24 h DT activity in feces) of 100-g rats that received doses of DT up to 50 g/kg injected intraperitoneally. From these experiments, we determined in consultation with the University of Michigan Unit for Laboratory Animal Medicine that no special precautions were necessary for subsequent experiments involving rats that received DT doses of 50 g/kg intraperitoneally or less. All subsequent experiments were performed in standard animal housing with no special precautions except that we diluted the DT doses in 10 ml of normal saline/100 g body wt so as to minimize the chance of significant amounts of DT being inadvertently injected into an animal handler during rat injections. In addition, all handling of DT was done in a hood by a gloved, immunized investigator, and surfaces were wiped down with 1 M NaOH after all procedures to inactivate any DT that may have inadvertently spilled.
Experimental Protocol
Rats received injections of DT diluted in 1 ml/10 g body wt normal saline or normal saline alone (as control) when they reached approximately 100 g weight. They then were kept on an ad libitum rat food and water diet until they were killed under anesthesia for study. For all studied rats were kept in metabolic cages, and urine was collected for 1 to 2 d before DT injection. Post-DT injection urine was collected daily for 14 d, then weekly for 2 wk (days 21 and 28). All rats were inspected daily, and if they appeared ill as judged by lethargy, ruffled fur, failure to eat or drink, they were killed before the 28-d time point (n ϭ 15). Kidneys were perfusion-fixed using paraformaldehyde/lysine/periodate (PLP) as described previously (30) . For the experiments described, 51 Tg rats were used: 10 (five male, five female) normal saline-injected controls, eight (three male, five female) receiving 10 ng/kg DT, 13 (five male, eight female) receiving 20 ng/kg DT, 18 (eight male, 10 female) receiving 50 ng/kg DT, one male rat receiving 500 ng/kg, and one male rat receiving 5000 ng/kg. There were no obvious gender differences in response to DT noted, so data were not segregated by gender for analysis.
Protein and Creatinine Assays
Urine and serum creatinine measurements were performed using the Sigma Creatinine kit (cat. no. 555-A). For protein measurements, urine samples were precipitated with an equal volume of 30% TCA, dissolved in 1 M NaOH, then assayed using the Bio-Rad Protein Assay (cat. no. 500-0006; Hercules, CA).
Immunofluorescent and Immunoperoxidase Analysis
PLP-perfused and fixed kidney sections were embedded in paraffin. After deparaffinization and rehydration, 4-m sections were incubated for 4 h at 92°C in Retrieve-All1 (Signet Laboratories, Dedham, MA) for antigen unmasking. For immunofluorescence studies, sections were blocked for 15 min with 10% donkey and 10% rat sera and incubated overnight at 4°C with goat anti-human HB-EGF polyclonal antibody diluted to 8.3 g/ml (R&D Systems, Minneapolis, MN) or diluted normal goat serum as a negative control. Sections were incubated further for 3 h at room temperature with goat anti-human HB-EGF antibody and 1B4 mouse monoclonal anti-rat GLEPP1 antibody as described previously (8) or diluted normal goat serum and BB5 mouse mAb (unreactive with rat tissue) as negative controls. Sections then were incubated for 2 h at room temperature with FITC-conjugated AffiniPure donkey anti-goat IgG diluted to 7.5 g/ml and Cy3-conjugated AffiniPure donkey anti-mouse IgG diluted to 3.75 g/ml (Jackson ImmunoResearch Laboratories, West Grove, PA). Immunoperoxidase staining was performed using antibodies to WT1 (SC-7385 monoclonal IgG1; Santa Cruz Biotechnology, Santa Cruz, CA), nephrin (rabbit polyclonal), and GLEPP1 (1B4 monoclonal), then developed with a peroxidase system using the substrate diaminobenzidine (DAB; Vectorlabs, Burlingame, CA).
Histomorphometry
All histology was performed on PLP-perfused and fixed paraffinembedded tissue sectioned on a Reichert-Jung 820-II microtome (Cambridge Instruments, Nussloch, Germany).
Quantification of Glomerular Tuft Adhesions. Four-micrometer sections were stained with GLEPP1 peroxidase/DAB and counterstained with periodic acid-Schiff (PAS). Results were obtained by counting at least 100 glomerular cross-sections and determining the proportion that contained adhesions of the glomerular tuft to Bowman's capsule.
Quantification of PAS-Positive Glomerular Areas. Staining was done on 4-m sections. Podocytes were identified using peroxidase/ DAB immunohistochemistry with monoclonal anti-rat GLEPP1 as primary antibody. Sections were counterstained with PAS and hematoxylin. Thus, podocytes were stained brown; nuclei were stained blue; and the remaining mesangial cells, mesangial matrix, and endothelial cells were stained pink. For each animal, consecutive glomerular crosssections were photographed by moving systematically from outer cortex to inner cortex and back. Each glomerulus on this track without exception for 50 consecutive glomeruli was imaged. Images were collected using Spot Advanced Software (Diagnostic Instruments; Silicon Graphics, Mountain View, CA). Saved images were analyzed using the Metamorph Imaging System (Universal Imaging Corp., Downingtown, PA). The glomerular area was outlined, and the proportions of the colored glomerular tuft area that stained pink and brown were measured using the Metamorph imaging system. The hue values used were as follows: Brown 1 to 85 and pink 180 to 245. The mean value for 50 consecutive cross-sections for each animal was used for subsequent analysis.
Glomerular Volume Measurement. Glomerular tuft area data were obtained from 50 consecutive 4-m sections stained with anti-GLEPP1 immunoperoxidase/PAS and 50 consecutive 3-m sections stained with anti-WT1 immunoperoxidase. This information then was used to calculate average glomerular tuft volume using the Weibel formula as described previously (30) , representing the mean value determined from 100 consecutive glomerular tuft cross-sections.
Podocyte Enumeration. WT1-positive nuclei were identified by immunoperoxidase staining. Number of podocytes was quantified using a modification of the thin/thick (3 m/9 m) section method previously described (30) . Specifically, 50 consecutive glomerular crosssections were photographed at ϫ200 magnification by systematically moving from superficial cortex to juxtamedullary region and back in a box pattern for 3-and 9-m tissue sections (total 100 consecutive glomerular cross-sections). Podocytes were counted for all 100 consecutive glomerular cross-sections. Photography and morphometric analysis of the GLEPP1 peroxidase/PAS slides and podocyte counting of WT1-stained sections were performed by different individuals to provide independent measures for comparison. The values for numbers of podocytes per glomerular cross-section were used to derive a value for podocytes per tissue volume for each section thickness as described previously. The mean of the two values of podocyte number per tuft volume was then calculated. This value was divided into the value for glomerular volume calculated from measuring the area of 100 consecutive glomerular cross-sections as described in the Glomerular Volume Measurement section above. Because male and female rats have different numbers of podocytes per glomerulus and different glomerular volumes (but the same glomerular volume per podocyte), all data were expressed as percentage of normal (Tg normal saline-injected controls of the same age for each gender; n ϭ 5 per gender). This allowed data from both genders to be pooled for analysis. To confirm that the podocyte counting method was reliable, we compared the podocyte counts determined by the WT1 method with an independent measurement for GLEPP1-stained area expressed as a percentage of total glomerular tuft area. As shown in the Results section, there was an excellent correlation (r 2 ϭ 0.87) between these two independent methods performed by different individuals for assessing podocyte loss from glomeruli.
Results
Expression of hDTR in Podocytes of Tg Rats
Human hDTR protein was detectable at a low level in glomeruli of transgenic but not wild-type rats by immunofluorescence ( Figure 1, A and B) . The hDTR was distributed along the outer aspect of glomerular capillary walls, where it co-distributed with the podocyte marker GLEPP1 (Figure 1 , C through E). No hDTR was seen in parietal epithelial cells of Bowman's capsule ( Figure 1A) . We conclude that the construct used to produce the F344 rat strain carrying the transgene (podocin promoter-driven hDTR cDNA) caused expression of hDTR in podocytes as judged by double-label immunofluorescence.
We next examined the structure of Tg rat glomeruli at the light microscopic and ultrastructural levels to determine whether expression of the transgene measurably changed glomerular structure. As shown in Figure 1 , F and G, there were no detectable structural abnormalities in Tg rats. In particular, podocytes were present with a normal distribution and their foot processes were normal. Urine from Tg rats contained no increase in protein (data not shown). We conclude that hDTR was expressed by podocytes of Tg rats and that expression of hDTR did not change the structure and function of rat glomeruli in a detectable way as assessed by the above criteria.
Effect of DT Injection into Tg and Wild-Type Rats
DT at 50 g/kg was injected intraperitoneally into groups of Tg and wild-type (n ϭ 3) rat littermates. Wild-type rats showed no effect of DT injection, and urine protein excretion did not increase. In contrast, two of three Tg rats died within 10 d of DT injection, and the third seemed ill and was killed at 10 d for necropsy and analysis. At necropsy, the kidneys of Tg rats that received DT were pale and enlarged. No abnormalities were detected macroscopically in any nonrenal organs. A time course of glomerular injury was performed on additional rats that received intraperitoneal injections of 50 g/kg DT. Histologic analysis by hematoxylin and eosin showed protein-filled tubules by day 3 and disorganized glomeruli by day 7 ( Figure  2 ). Peroxidase staining for WT1, nephrin, and GLEPP1 showed progressive loss of these podocyte-specific markers through day 7. The urine of DT-injected Tg rats contained very high levels of protein ( Figure 3A) . Ultrastructural analysis (Figure 3 , B through F) showed fluid-filled cysts and loss of foot processes in podocytes by day 3 (B), dense granule accumulation in podocytes by day 5 (C), and disintegration of podocytes by day 7 (D). At lower doses of DT (25 ng/kg), animals survived through day 28, at which time photomicrographs revealed glomerular basement membrane (GBM) denuded of podocytes (arrows), whereas endothelial cells (arrowheads) and mesangial cells (white asterisks) remained intact (E). We therefore conclude that we were able specifically to deplete podocytes from glomeruli of Tg rats using DT and that the time course of podocyte depletion was over 7 d for animals that received high-dose injections of DT.
Dose-Response Curve for DT in Tg Rats
We next performed studies to determine the dose response to DT (Figure 4) . At DT doses Ͼ50 ng/kg, most animals died of renal failure at 10 d to 3 wk after injection. At 50 ng/kg, some rats died before the end of the 28-d observation period, but this did not occur at lower doses. Thus, we were able to cause pathologic changes in a dose-dependent manner and identified a dose range of DT for subsequent experiments. Figure 1 . Podocyte-specific expression of human diphtheria toxin receptor (hDTR) in transgenic (Tg) rats. Immunofluorescent detection of human heparin-binding EGF-like growth factor (hHB-EGF; hDTR) protein was detected in glomeruli of Tg (A) but not wild-type (B) rats. hDTR was not detected in parietal (Bowman's capsule) glomerular epithelial cells (A). Double-label immunofluorescence showed that the Tg expression along glomerular capillary walls (C) was similar to the distribution of the podocyte marker GLEPP1 (D), as confirmed by the merged images (E). The histologic appearance of glomeruli from Tg rats was normal as assessed by light microscopy (F) and by electron microscopy (G). In particular, podocyte foot processes were normally distributed along the glomerular basement membrane (G). Bars ϭ 50 m in A, B, and F; 10 m in C through E; and 5 m in G.
Confirmation of Podocyte-Counting Method
To evaluate whether the podocyte-counting method was reliable, we compared podocyte counts made using WT1-stained podocyte nuclei to glomerular area stained for the podocyte marker GLEPP1. GLEPP1 (also called Ptpro) is a receptor-like membrane protein tyrosine phosphatase resident on the apical surface of the podocyte that we previously cloned and characterized (31, 32) . It has been used as a podocyte marker by us as well as other investigators (8, 16, 17) . The results shown in Figure 5A confirm that the WT1 podocyte-counting method shows a good correlation (r 2 ϭ 0.87) with an independent measure of glomerular podocytes (proportion of glomerular tuft area that is GLEPP1 positive by immunoperoxidase). We conclude that the podocyte-counting method is satisfactory for subsequent analysis.
Podocyte Number and Glomerulosclerosis
The major features of glomerulosclerosis are mesangial matrix expansion, formation of adhesions between Bowman's capsule and the glomerular tuft (synechiae), and development of PAS-positive areas of sclerosis with collapse of glomerular capillaries. Figures 5 and 6 show that each of these features became more prominent as the extent of podocyte depletion increased. Figure 6 shows photomicrographs of glomeruli from rats that were killed 28 d after DT injection. Podocytes were stained with GLEPP1-peroxidase/DAB, and sections were counterstained with PAS and hematoxylin. Figure 5B shows that as podocyte number decreased, the glomerular PAS-positive space increased in a highly predictable way (r 2 ϭ 0.89). At low-level podocyte depletion (up to 25%), there seemed to be an increase in the area stained pink with PAS ( Figure 6 , B and C). From Figure 6 , A through C, one can see that this change seemed to be due primarily to enlargement of the mesangial area in glomerular tufts. To confirm this, we compared the percentage of the glomerular tuft area that stained pink with PAS from the normal saline-treated control rats (range for number of podocytes/glomerulus [mean Ϯ 2 SD] was 92 to 108; n ϭ 10). This group was compared with a group of rats that received DT but were still within the normal podocyte number/glomerulus range (92 to 110; n ϭ 5) and a group that received DT and had a podocyte number that was just below the normal range (80 to 92; n ϭ 8). The values for percentage of pink staining by PAS in these glomerular cross-sections (mean Ϯ 1 SD) were as follows: Control 28.7 Ϯ 3.9; DT-treated but normal podocyte number 29.9 Ϯ 7.2; DT-treated but reduced podocyte number 37.3 Ϯ 11.2 (P ϭ 0.04 compared with the control group). Thus, we conclude that the PAS-positive glomerular space, shown in Figure 6C to be mesangial in distribution, was increased after minor loss of podocytes. Figure 5C shows the proportion of glomeruli with adhesions to Bowman's capsule (synechiae) in relation to podocyte number. Above approximately 20% depletion, there was an increased proportion of glomeruli that contained synechiae and segmental areas of podocyte depletion and glomerulosclerosis ( Figure 6, E and F) . Above 40% podocyte depletion, glomeruli rapidly transitioned to a large proportion of glomeruli that contained synechiae ( Figure 5C ). At the same time, glomeruli contained larger segments of podocyte depletion and sclerosis ( Figure 6 , F through H). In animals with major podocyte depletion, podocytes were not detectable on tissue sections either by GLEPP1 staining ( Figure 6I ) or by ultrastructure ( Figure 3E ).
Podocyte Depletion and Proteinuria
The relationships between proteinuria and podocyte depletion, PAS-positive tuft area, and adhesions between the tuft and Bowman's capsule are shown in Figure 7 . Of note, the animals seemed to segregate into two groups. Animals with a protein: creatinine ratio of Ͻ10 had less podocyte depletion, fewer synechiae, and less scarring. Those with a protein:creatinine ratio of Ͼ10 had more podocyte depletion, more synechiae, and more scarring. Figure 8 shows the time course of proteinuria in relation to podocyte depletion. Small reductions in podocyte number (up to 20%) were associated with small transient increases in proteinuria that returned to baseline within a few days. Larger increases in podocyte depletion (21 to 40%) were associated with increased proteinuria that was still low level but persisted for the 21-d period of observation. Podocyte depletion of Ͼ40% resulted in sustained high-level proteinuria.
Podocyte Depletion and Renal Function
Serum creatinine values corrected for weight were as follows (shown as the mean Ϯ 1 SD): Control 1.09 Ϯ 0.20; 0 to 20% 
Discussion
This report describes an experimental model wherein podocytes can be depleted from adult glomeruli at a specified time by a set amount using DT. In this model, it is likely that all podocytes that take up DT die, because a single internalized molecule of DT is thought to be able to kill a cell (24) . The time course for podocyte death is approximately 7 d. In most models in which podocyte loss has been documented, the consequences of podocyte depletion are difficult to separate from other effects of podocyte dysfunction caused by diffuse podocyte injury. The specificity of this model renders it free of many of these confounding variables, allowing us to characterize the consequences of podocyte loss more definitively.
In this report, we show that the PAS-positive area of the glomerular tuft in tissue sections stained by PAS and GLEPP1 increased in association with minor loss of podocytes that caused little or no adhesion formation. This PAS-positive space is largely mesangial, as shown in Figure 6 , B and C. However, at this point, we have not determined whether this represents a real increase in mesangial cell size, number, matrix, or a combination of these.
When considering the range of consequences of podocyte depletion in this model, one can divide podocyte loss into three levels of injury as shown in Table 1 . Depletion of podocytes by 20% or less (stage 1) resulted in apparent mesangial expansion, transient mild proteinuria, little or no capsular adhesion formation, and no measurable change in renal function. Presumably, the remaining podocytes have the capacity to cover rapidly the denuded GBM from which podocytes have detached and can adapt to prevent both protein leakage and sclerosis from occurring. This ability to compensate for the loss of neighboring podocytes may be due in part to the expansion of the mesangial compartment as discussed below.
Stage 2 (21 to 40% podocyte loss) is associated with apparent mesangial expansion, synechiae formation, FSGS, low-level but sustained proteinuria, and no detectable change in renal function. Thus, the FSGS lesions can be seen as remedial for glomeruli in that they repair (by scar formation) the injury caused by podocyte loss above a particular value. We hypothesize that the remaining podocytes cannot compensate for the GBM area exposed by 20 to 40% podocyte loss within the critical time period so that scar-forming mechanisms become activated. These include adhesions between the denuded GBM and Bowman's capsule, migration of (parietal) epithelial cells from Bowman's capsule, mesangial cell division, and matrix formation as described by Kriz et al. (5, 6) .
Stage 3 occurs at podocyte depletion levels that exceed 40%. This stage is associated with a rapidly increasing proportion of glomeruli with adhesions to Bowman's capsule, an increasing proportion of glomeruli with segmental areas of podocyte loss, and glomerulosclerosis transitioning to widespread global sclerosis in animals with more podocyte depletion. Proteinuria is sustained at a high level in this group, and renal function is decreased. The data from Figure 7 showing two populations of animals with respect to proteinuria would be compatible with a self-perpetuating event taking place above the 40% podocyte depletion threshold. This type of event is also suggested by the disappearance of podocytes from whole segments of glomeruli as shown in Figure 6 , F through I. Loss of podocytes from whole segments of the tuft above a particular threshold amount of podocyte loss was demonstrated previously in the puromycin aminonucleoside (PAN) model of podocyte loss in rats (8) and is similar to that seen in human biopsy material (16, 17) . Whiteside and colleagues (33) in 1993 described a theoretical concept whereby loss of podocytes above a threshold level would trigger widespread podocyte detachment through a receptor cooperativity model. Recent reports from Cui et al. (34) and Matsusaka et al. (35) using Tg mouse models of podocyte depletion support this concept. Loss of podocyte number above the threshold value of 40% in the rat could trigger this type of event. In both the rat and human, in which the glomerular tuft is lobulated (36) , it is possible that the unraveling of podocyte detachment that occurs after a critical level of podocyte depletion could be limited to a glomerular tuft lobule. In this way, the unraveling of podocytes would be limited to a segment of a glomerulus, possibly accounting for the typical segmental appearance of many forms of progressive glomerular injury. In the mouse, the glomerular tuft anatomy seems to be simpler, so podocyte unraveling might tend to be more widespread once it was initiated. Intraglomerular hypertension could play an important role in promoting podocyte detachment and vice versa. Further studies will determine whether podocyte depletion per se causes systemic hypertension in this model. Figure 6 . Photomicrographs of glomeruli from rats with increasing podocyte depletion at 28 d. Sections are stained for podocytes by immunoperoxidase anti-GLEPP1 (brown) and counterstained by PAS (pink) and hematoxylin (blue). In the box at the top left of each photomicrograph, the average proportion of podocytes depleted for that animal as counted by WT1 nuclear staining is shown. The normal small amount of pink-stained mesangial space is shown (A). As podocyte number is depleted by up to 23%, the amount of PAS-positive (pink) space increases (B and C). At 28% podocyte depletion, adhesions between the glomerular tuft and Bowman's capsule can be seen (E). With further podocyte depletion, increasingly larger segments of glomeruli are sclerotic and devoid of podocytes (F through H). With Ͼ90% podocytes depleted, some glomeruli contain no detectable podocytes and a collapsing sclerotic appearance (I). We conclude that there was a proportionate change in histologic features in relation to the proportion of podocytes lost in the model. Bars ϭ 50 m.
Mesangial expansion is a central component of glomerulosclerosis and is a reason that the mesangial cell has traditionally been considered to be a likely driving factor in the development of glomerulosclerosis. We found that depletion of a relatively small number of podocytes (up to 20%) was associated with an apparent mesangial expansion. This suggests that mesangial expansion might be a downstream consequence of podocyte depletion, possibly serving as an adaptation to decrease the effective filtration surface area and thereby allow fewer podocytes to cover the active filter surface area. Mesangial expansion could occur via several mechanisms. A podocyte-dependent negative regulatory pathway could allow mesangial cells to replicate and/or produce matrix once podocytes have been lost, or, alternatively, a positive mesangial proliferative signal could be triggered from a glomerular cell by podocyte loss. One must also be mindful that we cannot exclude the possibility that transgene expression of hDTR by podocytes themselves could play a role in what we have observed. Rat podocytes have been reported to show increased HB-EGF protein expression after puromycin aminonucleoside injury in the rat (37) . Mesangial cells have EGF receptors and produce HB-EGF, at least in vitro (38, 39) . Thus, it is possible that transgene expression of hDTR might have some impact on the model even though expression of the transgene in glomeruli was at a low level and did not itself change glomerular structure or function in a measurable way.
Can the effects of podocyte depletion seen in this model be related to human glomerular disease processes? Two excellent reports deal with podocyte depletion in type 2 diabetic glomerulonephropathy (10, 14) . The averaged values from these two studies for percentage of podocyte loss (relative to normal glomeruli) in individuals with type 2 diabetes and relatively normal renal function were as follows: Normalbuminuria was associated with 16% podocyte loss, microalbuminuria was associated with 24% podocyte loss, and macroalbuminuria was associated with 36% podocyte loss. These values are in the same range as those reported in this study for stages 1 and 2, indicating that the consequences of podocyte loss from the glomerulus in humans with type 2 diabetes and rats with podocyte depletion induced both in the Tg model and by PAN nephrosis are similar. Type 1 diabetic glomerulopathy and IgA nephropathy both are reported to show similar degrees of podocyte depletion from glomeruli in proportion to injury (12, 13, 15) . As glomerular disease progresses in FSGS, diabetes, membranoproliferative glomerulonephritis, IgA nephropathy, and lupus nephritis, podocytes can be detected increasingly in the urine (18 -20) . This suggests that podocyte loss in these conditions is correlated with progression of glomerular disease. These studies of human proteinuria and kidney biopsies therefore support the concept of a direct relationship between the progression of glomerular disease and podocyte loss.
We conclude that podocyte depletion in this model causes the pathologic features commonly seen in FSGS, including apparent mesangial expansion, synechiae formation, segmental sclerosis, and global sclerosis. These events occur in proportion to the degree of podocyte depletion. Return to normal glomerular architecture over time does not occur within the time frame of our studies, unlike mesangial depletion caused by anti-Thy1 antibody (40) . This probably reflects the inability of mature differentiated podocytes to replicate rapidly in vivo in contrast to glomerular mesangial and endothelial cells (4 -6,41) .
One important difference between this model and what may typically occur in humans is that in the DT model, podocytes die during a short time interval after DT injection (within approximately 7 d). In contrast, for human glomerular diseases, podocyte injury and death presumably occur over long periods of time, either intermittently or continuously. A slower podocyte depletion rate may allow greater adaptation by the remaining podocytes and other glomerular cells. In addition, the Tg rat cannot model accurately the influence of local and systemic factors such as growth factors, cytokines, and high glucose levels or hemodynamic differences associated with diabetes, hypertension, or inflammatory conditions. The differences in rate of podocyte depletion and the effects of local/systemic factors could account for the differences in glomerular structure and mesangial cell/matrix accumulation seen between this model and certain human glomerular disease states, such as diabetic glomerulosclerosis, in which nodular accumulation of mesangial matrix material is common (42) .
If the features of FSGS and global sclerosis can be caused by podocyte depletion, then one is led to ask whether podocyte depletion (relative to glomerular volume or absolute) may be the single common pathologic mechanism driving the glomerulosclerosis of diabetes, hypertension, FSGS, and immunedriven glomerular diseases. We cannot at present answer that question, but we can conclude that podocyte depletion is one mechanism by which mesangial expansion, FSGS, and glomerulosclerosis can be triggered. Other possible mechanisms have not yet been separated from the podocyte depletion effect. An example that seems to be an exception to this rule is collapsing glomerulosclerosis, which occurs commonly but not exclusively in association with HIV nephropathy. However, in this condition, the visceral glomerular epithelial cells have changed their phenotype and no longer carry podocyte markers (43) (44) (45) . Therefore, in this functional sense, the collapsing variant of FSGS can also be considered to be a podocyte "depletion" disease.
The concept of podocyte depletion as a major, if not universal, mechanism underlying glomerulosclerosis, perhaps in association with glomerular enlargement, is particularly important because it points to the potential clinical utility of monitoring glomerular injury by measuring podocyte products in urine. This raises the possibility of developing noninvasive methods for determining whether glomerular injury is progressing before increases in proteinuria or decreases in renal function occur. Such assays could also assess quickly the therapeutic efficacy of a given treatment regimen, allowing one to rapidly adjust therapy that is not effective without waiting for irreversible changes in function. The dream is that such assays will revolutionize our ability to prevent progression of the common renal diseases that have such high mortality rates and costs (1) .
Glomerulosclerosis resulting from depletion of a highly differentiated cell type with limited capacity to replace itself (the podocyte) therefore may be a common phenotypic outcome associated with various diseases (diabetes, hypertension, FSGS, immune-mediated glomerular diseases, and genetic glomerulopathies). Other examples of diseases that stem from cell depletion include Alzheimer's disease (46), Parkinson's disease (47), Huntington's disease (48) , blindness caused by loss of retinal photoreceptor cells (49) , deafness caused by cochlear hair cell loss (50) , and diabetes resulting from ␤ cell depletion (51) . In each case, the depletion of highly specialized "terminally differentiated" cells caused by a range of mechanisms and often superimposed on genetic susceptibilities seems to be a common pathway driving progressive organ failure. This would be in contradistinction to cell accumulation diseases, in which cells with a propensity to divide and replace themselves tend to accumulate and cause cancers. Our data support the concept that the glomeruloscleroses that are responsible for the common types of end-stage kidney diseases may also belong in this list of important cell depletion diseases. Figure 6 .
